Abstract. plays an important role in regulating growth, invasiveness, stem-like traits, differentiation and apoptosis of glioblastoma cells. PPP1R3L, an inhibitory member of the apoptosis-stimulating protein of p53 family (IASPP), is also able to affect growth, cell cycle progression, metastasis and apoptosis of various types of cancer. To investigate the regulation of PPP1R13L expression by miR-124 and their effects on proliferation, cell cycle transition and invasion in glioblastoma cells, U251 and U373 glioblastoma cells were transfected with miR-124 mimics, its negative control (NC) or an inhibitor. We found that miR-124 was downregulated in glioblastoma tissues, and inversely regulated PPP1R13L expression in U251 and U373 glioblastoma cells. PPP1R13L was found to be a direct target of miR-124 in glioblastoma cells. Overexpression of miR-124 inhibited proliferation, G1/S transition and invasiveness in glioblastoma cells. miR-124 downregulation-mediated malignant progression of glioblastoma was partly attributed to increased PPP1R13L expression. Consequently, our findings provide a molecular basis for the role of miR-124/PPP1R13L in the progression of human glioblastoma and suggest a novel target for the treatment of glioblastoma.
Introduction
Glioblastoma is the most common and lethal primary malignant brain tumor, with an annual incidence of 4.96 cases/100,000 individuals, and accounts for approximately 50% of all gliomas (1) . Glioblastoma is also an uncommon type of malignancy characterized by localization in the brain, highly invasive behavior and extremely poor prognosis. Currently, the treatment strategies for glioblastoma mainly include surgery, chemotherapy and radiation therapy; however, the overall median survival time of patients is only ~15 months (2) . To improve the quality of life in patients with glioblastoma, research is focusing on its pathogenesis and novel therapeutic targets such as microRNAs (miRNAs) (3) .
miRNAs are a class of small, non-coding, single-stranded RNAs which negatively regulate gene expression at the posttranscriptional level, mainly by binding to the 3'-untranslated region (3'-UTR) of their target mRNAs. Numerous studies have demonstrated that aberrant expression of miRNAs is closely associated with proliferation, invasion, metastasis and prognosis in various types of cancer (4) (5) (6) . The development of glioblastoma is associated with dysregulation of multiple miRNAs including miR-21 (7), miR-29b, miR-125a (8), miR-137 (9), miR-328 (10), miR-218 (11), miR-124 and others (12) . miR-124 is enriched in brain with a crucial role in neural development and has been shown to be downregulated in glioma (13) , suggesting it functions as a tumor suppressor in brain tumor progression. Studies have shown that miR-124 regulates growth, invasiveness, stem-like traits, differentiation, apoptosis of glioblastoma cells, and these processes have been correlated to multiple target genes (3, (13) (14) (15) (16) (17) . miRNAs and their target genes may represent promising therapeutic targets for glioblastoma.
PPP1R3L, an inhibitory member of the apoptosis-stimulating protein of p53 family (IASPP), is able to promote apoptosis through negative regulation of p53 or by inhibiting the transcriptional activity of p63/p73 on promoters of proapoptotic genes independent of p53 (18) (19) (20) always upregulated in malignant tumors (21) (22) (23) . In addition, it is also reported that PPP1R3L is also involved in tumorigenesis, cell growth, cell cycle progression, metastasis and chemoresistance (24) (25) (26) (27) . In glioblastoma cells, silencing of PPP1R3L leads to cell proliferation inhibition and cell cycle arrest (28) . Analysis indicates that PPP1R13L is a theoretical target gene of miR-124. But whether PPP1R13L is a direct target of miR-124 has not been confirmed, particularly in glioblastoma cells.
Therefore, in the present study, we investigated the regulation of PPP1R13L expression by miR-124 and their effects on proliferation, cell cycle transition and invasion in glioblastoma cell lines U251 and U373. Our results may provide data for supporting miR-124/PPP1R13L as novel therapeutic, diagnostic or prognostic tools for glioblastoma.
Materials and methods
Tumor tissue sample preparation. A total of 9 patients diagnosed with glioblastoma were recruited. The experimental protocols were approved by the ethics committee of our hospital. RNA or protein samples prepared from the tumor tissues and normal tissues were then subjected to quantitative RT-PCR and western blot analysis.
Cell culture and transfection. Glioblastoma cell lines U251 (p53 mutant) and U373 (p53 mutant) were purchased from the China Center for Type Culture Collection (CCTCC, Wuhan, China) and maintained in RPMI-1640 (HyClone, Logan, UT, USA) containing 10% fetal bovine serum (FBS) (Hangzhou Sijiqing) in a humidified atmosphere of 5% CO 2 at 37˚C. For functional analysis, cells were transfected with miR-124 negative control (scrambled miRNA control), miR-124 mimics, or miR-124 inhibitor (Ambion), using Lipofectamine Cell invasion assay. The cell invasion assay was performed using a cell invasion assay kit (Chemicon International, Temecula, CA, USA) according to the manufacturer's guidelines as described by Aspenström et al (30) . Briefly, U251 or U373 cells were placed in the upper compartment of the chambers, and RPMI-1640 containing 10% FBS was added in the lower chambers. After 24 h of incubation at 37˚C, cells on the upper face of the membrane were wiped off using a cotton swab and cells on the lower face were fixed, stained and observed under a microscope. The dye on the membrane was then dissolved with 10% acetic acid, dispensed into 96-well plates (150 µl/well), and the optical density at 570 nm (OD570) of each well was measured with an ELISA reader (ELX-800 Type).
Western blotting. Cells were lysed in cell lysate and then centrifuged at 12,000 x g for 20 min at 4˚C. The supernatant was collected and denatured. Proteins were separated in 10% SDS-PAGE and blotted onto polyvinylidene difluoride (PVDF) membranes. The PVDF membranes were treated with TBST containing 50 g/l skimmed milk at room temperature for 4 h, followed by incubation with the primary antibodies, anti-PPP1R13L, anti-MMP-9, anti-MMP-13 and anti-β-actin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) respectively, at 37˚C for 1 h. Membranes were rinsed and incubated for 1 h with the corresponding peroxidase-conjugated secondary antibodies. Chemiluminescence detection was performed with the ECL kit (Pierce Chemical, Rockford, IL, USA). The amount of the protein of interest, expressed as arbitrary densitometric units, was normalized to the densitometric units of β-actin.
Statistical analysis. Data are expressed as means ± SD from at least three separate experiments. Statistical analysis was carried out using SPSS 15.0 software. The difference between two groups was analyzed by the Student's t-test. A value of P<0.05 was considered to indicate a statistically significant result. (Fig. 1) , indicating that miR-124 is downregulated in human glioblastoma.
Results

miR-124 is downregulated in glioblastoma tissues
miR-124 regulates PPP1R13L expression in glioblastoma cells. miR-124 and PPP1R13L play an important role in cancer development. But whether PPP1R13L is the target gene of miR-124 in glioblastoma cells is unclear. Analysis using available algorithms indicated that PPP1R13L is a theoretical target gene of miR-124 ( Fig. 2A) . As predicted, ectopic expression of miR-124 in glioblastoma U251 and U373 cells decreased the expression of PPP1R13L mRNA and protein. Consistent with this result, PPP1R13L was upregulated in both types of glioblastoma cells transfected with the miR-124 inhibitor (Fig. 2B-E) .
Furthermore, we subcloned the PPP1R13L 3'-untranslated region (3'-UTR) fragment containing the miR-124 binding site and mutated targeting sequence cloned into psi-CHECK2 dual luciferase reporter vectors (named 3'-UTR PPP1R13L and 3'-UTR Mut PPP1R13L, respectively). The result showed that ectopic expression of miR-124 significantly inhibited the luciferase activity in glioblastoma U251 and U373 cells transfected with the 3'-UTR PPP1R13L reporter vector. The (Fig. 2F and G) . Taken together, our results demonstrated that PPP1R13L is a target of miR-124 and an inverse correlation exists between miR-124 and PPP1R13L in glioblastoma cells.
miR-124-mediated PPP1R13L regulates proliferation of glioblastoma cells.
To investigate the effects of miR-124-mediated PPP1R13L on the proliferation of glioblastoma cells, U251 and U373 cells were transfected with miR-124 mimics or its inhibitor. By using MTT and colony formation assays, we observed that overexpression of miR-124 dramatically decreased the growth rate of both types of glioblastoma cells as compared with that of the NC-transfected cells. However, inhibition of miR-124 increased the growth rate of both types of glioblastoma cells as compared with that of the NC-transfected cells (Fig. 3A and B) . This suggests that downregulation of miR-124, which results in PPP1R13L upregulation, specifically promotes the proliferation of glioblastoma cells.
miR-124-mediated PPP1R13L regulates G1/S phase transition of glioblastoma cells.
To further explore whether miR-124-mediated PPP1R13L increases the proliferation of glioblastoma cells by cell cycle transition, U251 and U373 cells transfected with miR-124 mimics or its inhibitor were analyzed by flow cytometry. The results showed a significant increase in the percentage of cells in the G1/G0 phase and a decrease in the percentage of cells in the S phase in the miR-124-overexpressing cells, and a decrease in G1/G0 phase cells and an increase in S-phase cells in the glioblastoma cells transfected with the miR-124 inhibitor (Fig. 4) . The above data suggest that enhancement of glioblastoma cell growth by downregulation of miR-124 may be mediated through regulation of cellular entry into the G1/S transition phase and its target PPP1R13L is possibly implicated in this process.
miR-124-mediated PPP1R13L regulates invasion of glioblastoma cells.
To understand the effects of miR-124-mediated PPP1R13L on glioblastoma cell metastasis, the invasiveness of the glioblastoma U251 and U373 cells transfected with miR-124 mimics or its inhibitor was examined. We observed that, compared to NC, overexpression of miR-124 in U251 and U373 cells obviously inhibited their invasive ability; however, the invasive ability was increased after inhibition of miR-124 in U251 and U373 cells (Fig. 5A-D) . Meanwhile, we found that MMP-9 and MMP-13, molecular markers of cancer metastasis, were decreased after transfection of the cells with miR-124 mimics, and the miR-124 inhibitor increased their expression levels as compared with NC ( Fig. 5E and F) . This indicates that loss of miR-124 expression mediates PPP1R13L upregulation consequently promoting glioblastoma cell invasion. Discussion miR-124 is known to play an important role in the progression of diverse types of cancers (5, 31) . In the present study, we found that miR-124 was downregulated in the examined 9 tissue samples, which is consistent with a previous report (12) . Our data further illustrate that miR-124 serves as a tumor suppressor in glioblastoma and its abnormal downregulation facilitates tumor progression. It is well known that miRNAs function mainly via specific binding to 3'-UTR of target genes. Theoretic analysis indicated that the 3'-UTR of PPP1R13L includes the binding sites of miR-124. To validate this presumption, glioblastoma U251 and U373 cells were transfected with miR-124 mimics or its inhibitor, and the results showed that the PPP1R13L protein level was accordingly decreased or increased, suggesting that miR-124 negatively regulates PPP1R13L expression in glioblastoma cells and that PPP1R13L is the potential target gene of miR-124. The dual luciferase reporter assay showed that only miR-124 mimics could inhibit the luciferase activity in glioblastoma U251 and U373 cells transfected with the 3'-UTR PPP1R13L reporter vector. Therefore, for the first time, we demonstrated that PPP1R13L is a target gene of miR-124 in glioblastoma cells.
The potential effects of the miR-124/PPP1R13L pathway on glioblastoma U251 and U373 cells was investigated. The results showed that upregulation of miR-124, which led to decreased PPP1R13L expression, inhibited cell proliferation, colony formation, G1/S phase transition and invasive ability of glioblastoma cells. However, downregulation of miR-124 by its inhibitor, which led to increased PPP1R13L expression, promoted these processes. These results suggest that miR-124 downregulation may play a critical role in malignant progression of glioblastoma, and its mechanism of action involves PPP1R13L.
The mechanisms underlying the function of miR-124 as a tumor suppressor in glioma are implicated in the inhibition of proliferation (e.g. via targeting SLC16A1) (13), cell cycle progression (e.g. via targeting CDK6) (14, 15) , invasiveness (17) , differentiation (e.g. by suppressing Twist and SLUG) (16) , stem cell characteristics (e.g. via targeting SNAI2, NRAS or PIM3) (3, 17) . In the present study, several of these molecules or others possibly participated in the process of the effects of miR-124 on the growth and invasive ability of glioblastoma U251 and U373 cells. We believe that PPP1R13L, as a target of miR-124, also plays a certain role in the miR-124-mediated suppression of growth and metastasis of glioblastoma cells. Studies indicate that PPP1R13L is important for tumor cell proliferation. Downregulation of PPP1R13L leads to growth inhibition in various types of cancers (25, 32, 33) . It has been reported that downregulation of PPP1R13L expression inhibits proliferation and induces cell cycle arrest at G0/G1 phase, which involves the increase in cyclin D1 and a decrease in p21 waf1/cip1 expression in U251 cells (28) . PPP1R3L is also associated with invasion and lymph node metastasis, as validated in embedded endometrial endometrioid adenocarcinoma (34) . Overexpression of PPP1R3L increases the invasiveness of tumor cells through a p53-dependent or p53-independent pathway (35) . Our results confirmed that miR-124 negatively regulates PPP1R13L expression in glioblastoma cells with mutant p53. Although miR-124 has numerous target genes, it is logical to deduce that the promotion of cell proliferation, cell cycle progression and invasion in glioblastoma cells by miR-124 downregulation is, at least, partly due to PPP1R13L upregulation.
In conclusion, miR-124 is downregulated in glioblastoma, and negatively regulates PPP1R13L expression in glioblastoma U251 and U373 cells. miR-124 downregulation-mediated malignant progression of glioblastoma is partly attributed to increased PPP1R13L expression. Consequently, our findings provide a molecular basis for the role of miR-124/PPP1R13L in the progression of human glioblastoma cells and suggest a novel target for the treatment of glioblastoma.
